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M alignant gliomas are highly aggressive tumors and are characterized by marked angiogenesis and extensive tumor cell invasion into the normal brain parenchyma, and to date there is no efficient treatment available. The very poor prognosis and the moderate efficacy of conventional clinical approaches therefore emphasize the need for new therapeutic strategies. Pentose phosphate pathway is necessary for purine metabolism as well as nucleotide biosynthesis and plays an important role in the regulation of proliferative processes and participates in endoplasmic reticulum stress, which is an important factor of tumor growth and many other diseases [1] [2] [3] [4] [5] .
The endoplasmic reticulum is a key organelle in the cellular response to hypoxia and some chemicals which activate a complex set of signaling pathways named the unfolded protein response. This adaptive response is activated upon the accumulation of misfolded proteins in the endoplasmic reticulum and is mainly mediated by endoplasmic reticulum to nuclei-1 signaling enzyme (ERN1), also named inositol requiring enzyme-1alpha (IRE1α). ERN1 is the domi nant sensor of the unfolded protein response to the accumulation of misfolded proteins and represents a key regulator of life and death processes [6] [7] [8] [9] [10] . As such, it participates in the early cellular response to the accumulation of misfolded proteins in the lumen of the endoplasmic reticulum [11, 12] .
Two distinct catalytic domains of the bifunctional signaling enzyme ERN1 were identified: a serine/threonine kinase and endoribonuclease which contribute to ERN1 signalling. The ERN1-associated kinase activity autophosphorylates and dimerizes this enzyme, leading to the activation of its endoribonuclease domain, degradation of a specific subset of mRNA and initiation of the pre-XBP1 (X-box binding protein 1) mRNA splicing [10, 13] . Mature експериментальні роботи XBP1 mRNA splice variant encodes a transcription factor that has different C-terminus amino acid sequence and stimulates the expression of hundreds of unfolded protein response-specific genes [9, 13, 14] . However, XBP1s has additional functions, especially in the regulation of glucose homeostasis [15] .
The endoplasmic reticulum stress is recognized as an important determinant of cancer and contributes to the expression profile of many regulatory genes resulting in proliferation and apoptosis [3, 12, 14] . Moreover, the malignant tumors use the endoplasmic reticulum stress and ischemia for activation of proliferation, because the endoplasmic reticulum stress response-signalling IRE-1 pathway is linked with the apoptosis as well as cell death processes and suppression of Ire-1 gene function significantly decreases the tumour growth [6, [16] [17] [18] .
The ERN1 mediated endoplasmic reticulum stress response-signalling pathway is linked with the proliferation because the blockade of ERN1 suppresses tumour growth via specific changes in the cell transcriptome. Hypoxia as well as endoplasmic reticulum stress is responsible for regulation of numerous growth factors which control the cell proliferation and angiogenesis in malignant tumours, including glioma. Moreover, activation of pentose phosphate pathway is an important factor of enhanced cell proliferation and tumour growth [2, 4, 19, 20] .
The pentose phosphate pathway plays an important part in the regulation of glycolysis and proliferation under different stress conditions and participates in control of apoptotic cell death [20] . Phosphoribosyl pyrophosphate synthetase plays a central role in tumor growth because it catalyzes the phosphoribozylation of ribose-5-phosphate to 5-phosphoribozyl-1-pyrophosphate, which is necessary for purine metabolism and nucleotide biosynthesis as a rate-limiting substrate for de novo and salvage purine synthesis [2, 4, 19] .
Human PRPS exists as heterogeneous aggregates composed of the 34 kDa catalytic subunits (PRPSI or PRPS1 and PRPSII or PRPS2) and other 39 and 41 kDa components designated PRPP synthetase-associated protein (PAP39 or PRPSAP1 and PAP41 or PRPSAP2). Recently it was shown that the non-homologous region of PRPS1 in Saccharomyces cerevisiae may contribute to the maintenance of cell wall integrity and cell viability [19] . Moreover, in multiple myeloma cells 5-aminoimidazole-4-carboxamide-1-β-riboside inhibited the uridine monophosphate synthetase activity and decreased the level of pyrimidine nucleotides and this pyrimidine starvation is responsible for induction of apoptosis in multiple myeloma cells [20] . Previously [21] it was shown that the blockade of endoplasmic reticulum stress sensor and signalling enzyme ERN1 in glioma cells resulted in dysregulation of the expression level of gene encoded different subunits of phosphoribosyl pyrophosphate synthetase: strong induction of PrPS1, PrPS2 and PrPSAP1 genes with more pronounced effect on PrPS1 gene and suppression of PrPSAP2 gene. However, the expression of phosphoribosyl pyrophosphate synthetase genes for different subunits of phosphoribosyl pyrophosphate synthetase in response to hypoxia and endoplasmic reticulum stress mediated by endoribonuclease of ERN1 and other signalling pathways is not studied yet.
The aim of this study was to investigate the expression of phosphoribosyl pyrophosphate synthetase genes in glioma cells with ERN1 signaling enzyme loss of function under hypoxic condition for developing a new conception concerning molecular mechanisms of malignant tumors progression in relation to endoplasmic reticulum stress and hypoxia.
materials and methods
cell lines and culture conditions. The glioma cell line U87 was obtained from ATCC (USA) and grown in high glucose (4.5 g/l) Dulbecco's modified Eagle's minimum essential medium (DMEM; Gibco, Invitrogen, USA) supplemented with glutamine (2 mM), 10% fetal bovine serum (Equitech-Bio, Inc., USA), penicillin (100 units/ml; Gibco) and streptomycin (0.1 mg/ml; Gibco) at 37 ºC in a 5% CO 2 incubator. In this work we used three sublines of this glioma cell line. One subline was obtained by selection of stable transfected clones with overexpression of pcDNA3.1 vector, which was used for creation of dominant-negative ERN1 constructs (dnERN1). This subline of glioma cells was used as control 1 in the study of hypoxia on the expression level of PrPS1, PrPS2, PrPSAP1 and PrPSAP2 genes and designated in this study as control glioma cells. The second subline was obtained by selection of stable transfected clones with overexpression of dnERN1 and suppressed both protein kinase and endoribonuclease activities of this bifunctional sensing and signaling enzyme of endoplasmic reticulum stress. These cells were obtained from prof. M. Moenner (France) [16, 17] . The third subline was obtained by selection of stable transfected clones with expression of dominant-negative ERN1 endoribonuclease mutant constructs, it suppressed endoribonuclease activities of signaling enzyme ERN1 described previously [18] .
The expression level of studied genes in these cells was compared with cells, transfected by vector (control 1), but the subline which overexpress dnERN1 was also used as control 2 for investigation of the effect of hypoxic condition on the expression level of PRPS genes under blockade of signaling enzyme ERN1 function. For creation of hypoxic condition, the culture plates were exposed in a special incubator with 3% oxygen, 5% carbon dioxide, and 92% nitrogen mix for 16 h.
The blockade of functional activity of ERN1 in glioma cells that overexpress dnERN1 construct was previously analyzed by detection of XBP1 alternative splice variant (XBP1s), a key transcription factor in ERN1 signaling, and the level of ERN1 phosphorylated isoform in cells under endoplasmic reticulum stress induced by tunicamycin (0.01 mg/ml for 2 h) [22] .
rNA isolation. Total RNA was extracted from glioma cells using Trisol reagent (Invitrogen, USA) as previously described [23] . RNA pellets were washed with 75 % ethanol and dissolved in nucleasefree water. For additional purification RNA samples were precipitated with 95 % ethanol and re-dissolved again in nuclease-free water.
reverse transcription and quantitative Pcr analysis. QuaniTect Reverse Transcription Kit (QIAGEN , Germany) was used for cDNA synthesis as described previously [24, 25] . The expression levels of PRPS1, PRPS2, PRPSAP1, and PRPSAP2 mRNA were measured in glioma cell line U87 and its sublines by real-time quantitative polymerase chain reaction using "Mx 3000P QPCR" (Stratagene, USA) and Absolute qPCR SYBRGreen Mix (Thermo Fisher Scientific, ABgene House, UK). Polymera se chain reaction was performed in triplicate.
For amplification of phosphoribosyl pyrophosphate synthetase 1 (PRPS1) cDNA we used the next primers: forward (5′-AAGAACGGAAGAAGGC-CAAT-3′ and reverse (5′-GACCGGAGAAGATTC-CATGA-3′) primers. The nucleotide sequences of these primers correspond to sequences 786-805 and 971-952 of human PRPS1 cDNA (GenBank accession number NM_002764). The size of amplified fragment is 186 bp.
Two other primers were used for real time RCR analysis of phosphoribosyl pyrophosphate synthetase 2 (PRPS2) cDNA: forward (5′-AAAACATT-GCCGAGTGGAAG-3′ and reverse (5′-TGAC-GACAACAGCCTCAAAG-3′) primers. The nucleotide sequences of these primers correspond to sequences 613-632 and 957-948 of human PRPS2 cDNA (GenBank accession number NM_002765). The size of amplified fragment is 345 bp.
For amplification of phosphoribosyl pyrophosphate synthetase-associated protein 1 (PRPSAP1) cDNA we used the next primers: forward 5′-GTC-CTATGCGGAGAGACTGC-3′ and reverse 5′-TAG-GCGCCTCTCTCTTTCAG-3′. These oligonucleotides correspond to sequences 1088-1107 and 1366-1347 of human PRPSAP1 cDNA (GenBank accession number NM_002766). The size of amplified fragment is 279 bp.
For amplification of phosphoribosyl pyrophosphate synthetase-associated protein 2 (PRPSAP2 ) cDNA we used the next primers: forward 5′-CAC-CCATGGTCAGA AGTGTG-3′ and reverse 5′-TTAATCTTGGGGCACTGGAG-3′. These oligonucleotides correspond to sequences 894-913 and 1221-1202 of human PRPSAP2 cDNA (GenBank accession number NM_002767). The size of amplified fragment is 328 bp.
The amplification of β-actin (ACTB) cDNA was performed using forward -5′-GGACTTCGAGCAA-GAGATGG-3′ and reverse -5′-AGCACTGTGTTG-GCGTACAG-3′ primers. These primers nucleotide sequences correspond to 747-766 and 980-961 of human ACTB cDNA (GenBank accession number NM_001101). The size of amplified fragment is 234 bp. The expression of β-actin mRNA was used as control of analyzed RNA quantity. The primers were received from Sigma (USA).
An analysis of quantitative PCR was performed using special computer program Differential Expression Calculator and statistical analysis -according to Student's test using OriginPro 7.5 software. The values of PRPS1, PRPS2, PRPSAP1, and PRPSAP2 mRNA expressions were normalized to the expression of ACTB mRNA and represent as percent of control 1 (100%). All values are expressed as mean ± SEM from triplicate measurements performed in 4 independent experiments.
results and discussion
We studied the expression of four different genes which encoded phosphoribosyl pyrophosphate synthetase, which exists as heterotetramer and contains two catalytic subunits (PRPS1 and PRPS2) and two associated proteins (PRPSAP1 and PRPSAP2) in U87 glioma cells under hypoxia and under complete blockade of ERN1 signaling enzyme function as well as in cells with mutation in ERN1 endoribonuclease active center. As shown in Fig. 1 and 2 , the expression level of both catalytic subunits of phosphoribosyl pyrophosphate synthetase did not change significantly in glioma U87 cells with blockade only endoribonuclease activity of ERN1; however, the knockdown of both enzymatic activities of this signaling enzyme of endoplasmic reticulum stress leads to up-regulation of PRPS1 and PRPS2 mRNA expressions (P < 0.05), being more significant for PrPS1 gene.
At the same time, the blockade of only endoribonuclease activity of ERN1 signaling enzyme did not change significantly the expression level of genes which encoded both associated proteins of phosphoribosyl pyrophosphate synthetase, but complete blockade of ERN1 signaling enzyme (both protein kinase and endoribonuclease activities) affects both PrPS1 and PrPS2 gene expressions in different ways ( Fig. 3 and 4) . Thus, ERN1 knockdown increases the expression level of PrPS1 gene (P < 0.05) and decreases that of PrPS2 gene (P < 0.05). Moreover, we have shown that the induction of endoplasmic reticulum stress by tunicamycin in glioma cells with suppressed endoribonuclease activity of ERN1 signaling enzyme leads to a significant decrease (close to 2-fold; P < 0.05) of both catalytic subunits of PRPS ( Fig. 1 and 2) . However, no significant changes were observed in the expression level of both genes which encoded PPRS associa ted proteins in these cells treated with tunicamycin ( Fig. 3  and 4) . At the same time, the expression of PrPSAP2 gene is decreased in glioma cells with suppressed ERN1 enzyme function.
It was also shown that exposure of U87 glioma cells to hypoxia leads to suppression of PrPS1 gene expression both in control glioma cells and cells with ERN1 knockdown (P < 0.05), but more robust effect of hypoxia was observed in glioma cells with ERN1 signaling enzyme function (Fig. 5 ). As shown in Fig. 6 , the expression level of PrPS2 gene is also decreased both in control glioma cells and cells with ERN1 knockdown (P < 0.05), but suppression of ERN1 signaling enzyme function did not change significantly the effect of hypoxia on this gene expression.
At the same time, the expression of PrPSAP1 gene was resistant to hypoxia condition in control Fig. 2 
dnrerN1+t -dnrerN1 cells treated by tunicamycin (0.01 mg/ml -2 h). Values of PrPSAP2 mRNA expressions were normalized to β-actin mrNA expression and represent as percent of control (100%); n = 4; * P < 0.05 as compared to control; ** P < 0.05 as compared to dnrerN1
Relative mRNA expresion, % of control glioma cells, but suppression of ERN1 signaling enzyme function modified the sensitivity of this gene expression to hypoxia (Fig. 7) . Thus, the expression of PrPSAP1 gene in glioma cells with ERN1 loss of function is decreased (P < 0.05) under hypoxia condition. It was also found that PrPSAP2 gene expres-експериментальні роботи sion did not change significantly in control glioma cells, but in cells with ERN1 knockdown the expression of PrPSAP2 was increased under hypoxia (P < 0.05) (Fig. 8) .
We have studied the expression of four different genes of phosphoribosyl pyrophosphate synthetase, because this enzyme contains two catalytic subunits and two associated subunits encoded by separate genes. Phosphoribosyl pyrophosphate synthetase enzyme is very important in the pentose phosphate pathway both in health and disease [26, 27] . Previously [21] it was shown that the blockade of endoplasmic reticulum stress sensor and signalling enzyme ERN1 in glioma cells resulted in dysregulation of the expression level of genes which encoded different subunits of phosphoribosyl pyrophosphate synthetase: strong induction of PrPS1, PrPS2 and PrPSAP1 genes with more pronounced effect on PrPS1 gene and suppression of PrPSAP2 gene. Thus, all genes encoding different subunits of phosphoribosyl pyrophosphate synthetase are responsible for endoplasmic reticulum stress, in particular its ERN1 signalling pathway; however, in diverse ways. This dysregulation of the expression of genes for different subunits of phosphoribosyl pyrophosphate synthetase, which is necessary for purine metabolism and nucleotide biosynthesis [27] , possibly contribute to suppression of glioma cells proliferation upon blockade of erN1 gene function and glioma growth from these cells [16, 17] .
Activation of pentose phosphate pathway is an important factor of enhanced cell proliferation and tumor growth, and phosphoribosyl pyrophosphate synthetase is a key enzyme of this pathway because it plays a central role in the synthesis of purines and pyrimidines. Moreover, the pentose phosphate pathway as well as endoplasmic reticulum stress is important in the regulation of glycolysis and prolife ration during different stress conditions and participates in control of apoptotic cell death and cell via bility [19, 20] . Thus, the suppression of erN1 gene function in glioma cells significantly decreases the tumor growth, and dysregulation of the expression of different genes encoding PRPS enzyme is in agreement with this data.
At the same time, we did not find some changes in the expression level of all studied genes of phosphoribosyl pyrophosphate synthetase in glioma cells after blockade of only endoribonuclease activity of ERN1 signaling enzyme. It is possible that endoribonuclease of ERN1 enzyme is not responsible for changes in the expression level of genes which encoded both catalytic subunits of phosphoribosyl pyrophosphate synthetase and its associated proteins, which we observed in glioma cells with complete blockade of both ERN1 enzymatic activities. Moreover, our results with induction of endoplasmic reticulum stress by tunicamycin in glioma cells without endoribonuclease activity of ERN1 signaling enzyme clearly demonstrate that both catalytic subunits are also regulated by other signaling pathways of endoplasmic reticulum stress or by protein kinase activity of ERN1. Thus, tunicamycininduced endoplasmic reticulum stress decreases the expression of PrPS1 and PrPS2 genes in glioma cells without endoribonuclease activity of ERN1, but blockade of kinase and endoribonuclease activities leads to up-regulation of the expression of both these gene expressions.
Moreover, we have shown that hypoxia condition also affects the expression of PrPS1 and PrPS2 genes in control U87 glioma cells and this data correlate with down-regulation of these gene expressions upon tunicamycin treatment, because hypoxia as well as tunicamycin is the inductor of endoplasmic reticulum stress. We have also found that hypoxic regulation of PrPS1 gene expression depends on ERN1 signaling enzyme function, because the effect of hypoxia was more pronounced in control glioma cells. At the same time, the expression of PrPSAP1 and PrPSAP2 genes was resistant to hypoxia condition in control glioma cells but decreased (PrPSAP1 ) or increased (PrPSAP2) in glioma cells with ERN1 loss of function. Thus, the expression of these genes which encoded both phosphoribosyl pyrophosphate synthetase associated proteins in U87 glioma cells also depend on ERN1 function. These results are consistent with the data of other investigation, where the dependence of different gene expressions under hypoxic as well as nutrient deprivation conditions on ERN1 signaling enzyme function [22] [23] [24] [25] was shown. Thus, blockade of ERN1signaling enzyme can enhance, reduce or eliminate hypoxic regulation of gene expression.
It is interesting to note that the mechanism of hypoxic regulation is realized usually through transcription factor HIF, but there are many different factors which control the level of this transcription factor in low oxygen conditions as well as in malignant tumors under normoxic conditions [25, [28] [29] [30] [31] [32] [33] [34] . Hypoxia-inducible mir-210, transglutaminase, deltacatenin, c-Myc as well as ATR (ataxia telangiectasia and Rad3 related protein), which is a member of the phosphoinositide 3-kinase-related kinases family, are among them.
Thus, the expression of genes encoding different subunits of phosphoribosyl pyrophosphate synthetase enzyme, which plays a central role in the synthesis of nucleotides and controls tumor growth, is dependent on ERN1 signaling enzyme function as well as hypoxic condition.
Results of this investigation clearly demonstrated that hypoxia decreases the expression of PRPS1 and PRPS2 genes in both types of glioma cells, but PRPSAP1 and PRPSAP2 -only in glioma cells with endoplasmic reticulum stress signaling enzyme ERN1 knockdown and that the effect of hypoxia is modified by suppression of ERN1. Moreover, blockade of endoribonuclease activity of ERN1 does not affect the expression of PrPS1 and PrPS2 as well as PPRS-associated protein genes in U87 glioma cells. At the same time, the induction of endoplasmic reticulum stress by tunicamycin in glioma cells with suppressed activity of ERN1 endoribonuclease decreases the expression level of PrPS1 and PrPS2 genes only. These data show that the expression of PrPS1 and PrPS2 genes is controlled by protein kinase of ERN1 or possibly other signaling pathways of endoplasmic reticulum stress. Фосфорибозилпірофосфатсинтетаза (PRPS) є ключовим ензимом цього шляху і відіграє цен-тральну роль у синтезі пуринів та піримідинів. Як гіпоксія, так і опосередкований ERN1 сиг-нальний шлях стресу ендоплазматичного ре-тикулума пов'язані з процесами проліферації клітин, оскільки блокада ERN1 пригнічує ріст пухлин, включаючи гліому. ми досліджували експресію різних генів PrPS у клітинах гліоми з пригніченою функцією ERN1 за гіпоксії. пока-експериментальні роботи зано, що гіпоксія зменшує рівень експресії генів PrPS1 та PrPS2 в обох типах клітин гліоми, але в більшій мірі у клітинах з пригніченою функцією ERN1, хоча рівень експресії генів PrPSAP1 та PrPSAP2 знижувався за гіпоксії лише у клітинах гліоми з виключеною функцією сигнального ензиму ERN1. більше того, блокада ендорибонуклеазної активності ERN1 не призво-дила до істотних змін в експресії генів як PrPS1 і PrPS2, так і PrPSAP1 та PrPSAP2 у клітинах гліоми лінії U87. У той же час індукція стресу ендоплазматичного ретикулума тунікаміцином у клітинах гліоми із пригніченою ендорибону-клеазною активністю ERN1 знижувала лише рівень експресії генів PrPS1 і PrPS2. результати цього дослідження вказують на те, що гіпоксія впливає на рівень експресії генів різних субоди-ниць ензиму PRPS у клітинах гліоми лінії U87 і що ефект гіпоксії змінюється за виключення ERN1, сигнального ензиму стресу ендоплазма-тичного ретикулума. к л ю ч о в і с л о в а: експресія генів, пен-тозо-фосфатний шлях, PrPS1, PrPS2, PrPSAP1, PrPSAP2, ERN1, гіпоксія, клітини гліоми. активация пентозо-фосфатного пути яв-ляется важным фактором усиления пролифе-ративных процессов и роста опухолей. Фосфо-рибозилпирофосфатсинтетаза (PRPS) является ключевым энзимом этого пути и играет цен-тральную роль в синтезе пуринов и пиримиди-нов. как гипоксия, так и опосредованный ERN1 сигнальный путь стресса эндоплазматического ретикулума связаны с процессами пролифера-ции клеток, поскольку блокада ERN1 угнета-ет рост опухолей, включая глиому. мы иссле-довали экспрессию различных генов PrPS в клетках глиомы с угнетенной функцией ERN1 при гипоксии. показано, что гипоксия снижает уровень экспрессии генов PrPS1 и PrPS2 в обо-их типах клеток глиомы, но в большей степени в клетках с угнетенной функцией ERN1, хотя уровень экспрессии генов PrPSAP1 и PrPSAP2 снижался при гипоксии лишь в клетках глиомы с выключенной функцией сигнального энзима ERN1. более того, блокада эндорибонуклеазной активности ERN1 не приводила к существен-ным изменениям в экспрессии генов как PrPS1 и PrPS2, так и PrPSAP1 и PrPSAP2 в клетках глиомы линии U87. В то же время индукция стресса эндоплазматического ретикулума туни-камицином в клетках глиомы с угнетенной эн-дорибонуклеазной активностью ERN1 снижала лишь уровень экспрессии генов PrPS1 и PrPS2. результаты этого исследования указывают на то, что гипоксия влияет на уровень экспрессии ге-нов различных субъединиц энзима PRPS в клет-ках глиомы линии U87 и, что эффект гипоксии изменяется при выключении ERN1, сигнального энзима стресса эндоплазматического ретикулума. к л ю ч e в ы е с л о в а: экспрессия ге-нов, пентозо-фосфатный путь, PrPS1, PrPS2, PrPSAP1, PrPSAP2, ERN1, гипоксия, клетки глиомы.
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